The aim of this study was to evaluate and clarify the various mechanical properties and behavior of layering porcelains (Tokuyama DentalCeramic,IPS Empress 2,Cerabien, Vitadurα,Creation) used for veneering high-strengthceramiccore materials.Thelayeringporcelainsstudiedexhibitedthefollowingrangeofmechanicalproperties:compressivestrengthat 586-1091MPa,bendingstrengthat30-97MPa,diametraltensilestrengthat16-28MPa,Vickershardnessat481-647Hv, andfracturetoughnessat1.36-2.05MPa•m 1/2 .Resultsofthisstudyindicatedthatthemechanicalshortcomingsofconventional porcelain,suchasbrittlenessandhardness,havebeenovercomebytheenhancedmechanicalpropertiesoflayeringporcelain, resultinginimprovedfracturetoughness.
INTRODUCTION
Layering porcelain is the biomaterial to be used for veneering high-strength ceramic core materials which were fabricated through refractory cast technique, pressable fabrication method, or CAD/ CAM technology. Due to its optimal esthetics, allceramic crowns have become highly appreciated in clinical application. High-strength ceramic core materials,whichwerefabricatedfrommaterialssuch as leucite 1) , lithium disilicate 2, 3) , diopside 4) , alumina 5) , and zirconia [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , are multi-veneered with more translucent feldspathic porcelain to improve esthetics. In this study, this type of porcelain is calledlayeringporcelain.
Dental porcelain, due to the widespread clinical applicationofporcelain-fused-tometal(PFM)crowns, has been studied extensively in terms of coefficient of thermalexpansiontometal,bondingtooxideformed on the metal surface, bonding strength, mechanical properties, and manipulation. On the other hand, unlike conventional porcelain, layering porcelain is overshadowed with a number of unclarified points regardingitsmechanicalandphysicalproperties.
Currently, layering porcelain is used for veneering high-strength ceramic core materials. For this reason, layering porcelain is expected to possess mechanical properties equal to PFM as well as coefficient of thermal expansion similar to core materials.Inparticular,zirconiahasbeenusedasa core material for all-ceramic crowns and three-unit fixed partial dentures -this is chiefly because it has attractivemechanicalpropertiesandisthusexpected to offer better function than metal frames. Against thisbackdropofperquisiterequirementsforlayering porcelainsinrelationtothemechanicalpropertiesof high-strength ceramic core materials, this study sought to evaluate and compare the mechanical and physical properties of layering porcelains against thoseofconventionalporcelains.
Inthisstudy,layeringporcelainswhichareused forveneeringhigh-strengthceramiccorematerialsto restore esthetics were investigated from various aspects of mechanical properties -in terms of compressive,bendinganddiametraltensilestrengths, Vickers hardness and fracture toughness. In addition,thermalexpansionwasmeasured.
MATERIALS AND METHODS

Materials used
Table1showsthematerialsusedinthisstudy.Nine different commercially available layering porcelains were selected for this study, namely dentin, incisal, and transparent porcelains of Tokuyama Dental Ceramic(Tokuyama,Tokyo,Japan)andIPSEmpress 2 (Ivoclar, Schaan, Liechtenstein), as well as dentin porcelains of Cerabien (Noritake, Nagoya, Japan), Vitadurα (Vita, Bad Säckingen, Germany), and Creation(Klema,Meiningen,Austria).
Experimental desig
The data were analyzed using one-way analysis of variance (ANOVA) to determine whether significant differences existed in compressive, bending, and diametral tensile strengths, as well as in Vickers hardnessandfracturetoughness.
The experiments were repeated six times with nine levels of factor A (namely dentin (TDD), incisal (TDI),andtransparent(TDT)porcelainsofTokuyama Dental Ceramic, dentin (EMD), incisal (EMI), and transparent (EMT) porcelains of IPS Empress 2, dentin porcelain (CED) of Cerabien, dentin porcelain (VID)of Vitadurα, and dentin porcelain (CRD) of Creation).Therefore,atotalof54experimentswere carried out randomly. After confirming that the X-R control limit of each value was equally dispersed, one-way ANOVA was performed on the data obtained. Where significant differences were noted, Tukey's multiple comparison test was carried out using a statistical software for data analysis. Thermalexpansionwasmeasuredtwotimesforeach ofthenineproducts.
Specimen preparation 1.Specimenshape
The shapes and dimensions of specimens varied greatly, depending with on the mechanical tests to which the specimens were subjected -namely cylindrical specimens (φ5mm × 10mm) for compressive and diameter tensile tests, bar specimens(2×5×25mm)forthree-pointbendingtest, stainless steel precision mold in the shape of a dish (φ12 mm × 2 mm) for fracture toughness test, bar specimens (15×10×2 mm) for X-ray diffraction and qualitative analyses, and cylindrical specimens (φ5 mm×15mm)forthermalexpansiontest.
The shape of each specimen was molded with silicone rubber, and porcelain was poured into this mold for condensation by vibration. In the case of fracture toughness testing using the indentation fracture method, porcelain was poured into a metal mold. 2. Buildup and firing Porcelain, which had been mixed with an indicated mixing liquid, was poured into a stainless steel or silicone rubber mold. After being condensed thoroughly with fine vibration using a Ceramosonic Condenser (Ceracon II, Shofu, Kyoto, Japan), porcelain was removed from the stainless steel or silicone rubber mold. Specimens were fired according to each manufacturer's recommended firing schedule listed in Table 2 , using a porcelain furnace (Alpha PC,Jelrus,NewYork,USA.). For surface finishing, the specimens were continuously polished with #600, #1200, and #2000 waterproof abrasive papers with water using an automatic polishing machine (Buehler Ecomet 3, SankeiTokyo,Japan),andthenpolishedfurthertoa mirror finish using a polishing buff.
Measurement methods
1.Compressivetest
Compressive strength (CS) was measured using a compression testing device connected to a universal testing machine (AG 5000D, Shimadzu, Kyoto, Japan) at a crosshead speed of 0.5 mm/min until fractureoccurred. 2.Three-pointbendingtest Three-point bending strength was measured using a three-point bending test method as described in the ISO standard 6872:1995 for dental ceramics. Load wasappliedatacrossheadspeedof0.5mm/minand at15-mmsupportspan. 3.Diametraltensiletest Diametral tensile strength (DTS) was measured using a compression testing device connected to a universaltestingmachineatacrossheadspeedof0.5 mm/min. 4.Fracturetoughnesstest Fracture toughness (expressed in KIc) was measured usingtheindentationfracturemethod.By meansof a Vickers hardness testing machine (AVK-A, Akashi Co., Kanagawa, Japan), a diamond indenter was pressed into the specimen surface at a load of 5 kgf for 15 seconds, whereby the size of the impression left in the specimen surface after load removal was then measured. Three different points were measured for each specimen, which thus required making three impressions for each specimen. The measured value for each specimen was the average of these three measurements, and then fracture toughness was calculated using the following equation:
whereKIcisthefracturetoughnessvalue(MPa•m 1/2 ), aisone-halfofthediagonaloftheimpression(μm),c isone-halfofthecracklength(μm),andHisVickers hardness. 5.Thermalexpansion Thermal expansion rate during heating and cooling fromroomtemperatureto500°Cwasmeasuredevery 2°C using a thermal dilatometer device. Two cylindrical specimens (φ5×15 mm) were used, and themeasuredvaluewasobtainedfromtheaverageof thesetwomeasurements. 6 .QualitativeanalysisusingSEM Qualitative analysis of carbon-coated specimens was done by using an energy dispersive X-ray spectrometer (JDE-2140, Japan Electron Optics, Tokyo, Japan) with a scanning electron microscope (SEM; JSM-5800, Japan Electron Optics, Tokyo, Japan) at 25 kV accelerating voltage. Only the dentin porcelain of each manufacturer was investigated, hence making it a total of five dentin porcelains. 7. X-ray diffraction analysis The specimens were placed in the holder of a fully automated diffractometer (RINT1400, Rigaku Industrial Corp., Tokyo, Japan) and scanned using CuKα ray at 50 kV tube voltage and 100 mA tube current, and then examined within a range of 2θ=5-50° at 2°/min scanning speed. Only the dentin porcelain of each manufacturer was investigated, hence making it a total of five dentin porcelains. 8.Microscopicobservation After the fracture toughness test using the indentation fracture method, the sizes and patterns of the indentations and cracks were observed using an optical microscope (BH2-UMA, Olympus Co. Ltd., Tokyo, Japan) at original magnification×400, and thenphotographed. strengths, Vickers hardness and fracture toughness of the layering porcelains investigated in this study. Significant differences were found for all factors (p<0.01). Figure 1 presents the compressive strengths of layering porcelains with a 95% confidence interval found to be ±103. Table 4 presents the results of Tukey'smultiplecomparisontest,anditwasrevealed that CED, which attained the highest compressive strength value of 1091 MPa, was significantly differentfromTDI,EMD,EMI,EMT,VID,andCRD, but not significantly different from TDD and TDT. On the other hand, VID, which exhibited the lowest compressive strength value of 586 MPa, was significantly different from TDD, TDI, TDT, EMD, and CED, but not significantly different from EMI, EMT, and CRD. Compressive strength of CED was about2timesashighasthatofVID. Figure 2 presents the bending strengths of layering porcelains with a 95% confidence interval found to be ±7.31. Table 5 presents the results of Tukey'smultiplecomparisontestanditwasrevealed that TDD, which attained the highest bending strength value of 97 MPa, was significantly different from, EMI, CED, VID, and CRD, but not significantly different from TDI, TDT, EMD, and EMT. VID, whichexhibitedthelowestbendingstrengthvalueof 30 MPa, was not significantly different from CED and CRD, but significantly different from the other sixlayeringporcelains.
RESULTS
Mechanical properties of layering porcelains
Figure3presentsthediametraltensilestrengths of layering porcelains with a 95% confidence interval found to be ±4.91. Table 6 presents the results of Tukey'smultiplecomparisontestanditwasrevealed that EMT, which attained the highest diametral tensile strength value of 28 MPa, was significantly different from TDI and TDT, but not significantly different from TDD, EMD, EMI, CED, VID, and CRD. On the other hand, TDI and TDT, which exhibitedthelowestdiametraltensilestrengthvalue of 16 MPa, were significantly different from EMT and EMD, but not significantly different from TDD, EMI,CED,VID,andCRD.
Figure4presentstheVickershardnessvaluesof layering porcelains with a 95% confidence interval found to be ±42.2. Table 7 presents the results of Figure 5 presents the fracture toughness values of layering porcelains with a 95% confidence interval found to be ±0.12. Table 8 Thermal expansion rate Figure 6 shows the thermal expansion curves of the layering porcelains derived from the mean values of two measurements. Thermal expansion rate during heating from 26°C to 500°C varied with the porcelains tested, and the following rates were observed: 0.31% for TDD, TDI, and TDT, 0.43, 0.42 and 0.39% for EMD, EMI, EMT respectively, 0.27% for CED and VID, as well as 0.28% for CRD. Hysteresisduringcoolingfrom500°Cto26°Cyielded the following rates: -0.01% for CED, VID, and CRD, and -0.11% for TDD, TDI, TDT, EMD, EMI, and EMT. Table 9 presents the qualitative analysis results. The compositions of five dentin porcelains comprised SiO2 (58.1-76.3 wt%), Al2O3 (13.0-18.4 wt%), K2O (5.6-12.1 wt%), Na2O (3.7-8.9 wt%), and CaO, TiO2, Fe2O3,Ce2O3,ZnO,andP2O5weredetectedinminute quantities. Figure 7 shows the X-ray diffraction patterns of five dentin porcelains. The X-ray diffraction pattern of CRD showed eight peaks at 2θ values of 27.3, 25.9, 16.5, 30.6, 31.4, 38.5, 16.0, and 34.4 degrees, and these eight peaks almost coincided with those of leucite peaks. On the other hand, CED, EMD and TDD showed two minor peaks, and VID showed no peak. Besides, the X-ray diffraction traces of layering porcelains revealed a large amorphous background signal,whichindicatedhighglasscontent.
EPMA qualitative analysis
X-ray diffraction analysis
Micrographic observation
After fracture toughness test, specimens of the nine layering porcelains were visually analyzed with a microscopetoassessindentationsandcrackpatterns and behavior. In Fig. 8 , only the representative examplesofTDD,TDI,andTDTwereshownbecause all the specimens displayed almost the same indentation and crack pattern and behavior. Chipping could be detected around the indentation, and cross-shaped cracks propagated in a straight path, remaining sharp and pointed as the cracks continuedpropagatingtothetip.
DISCUSSION
Mechanical properties of layering porcelains
Layering porcelains used in this study displayed the followingrangeofmechanicalproperties:compressive strength at 586-1091 MPa, bending strength at 30-96 MPa, diametral tensile strength at 16-28 MPa, Vickers hardness at 481-647 MPa, and fracture toughnessat1.36-2.05MPa•m 1/2 . Since Ceramco launched the clinical application of PFM crowns circa 1958, the mechanical and physicalpropertiesofporcelainandmetal,aswellas the bonding mechanism between them have been enthusiastically studied by many researchers. Porcelain used in those days, termed as traditional porcelain 16) , exhibited the following range of mechanical properties: compressive strength at 915-1394 MPa, bending strength at 61-98 MPa, diametral tensile strength at 18-35 MPa, and Vickershardnessat702-1348MPa.Whencompared with the mechanical properties of the layering porcelains investigated in this study, the layering porcelains showed lower compressive strength (-20%), tensile strength (-30%), and Vickers hardness(-50%).Asforbendingstrength,thevalues exhibited by both layering porcelain and traditional porcelainwerealmostcomparable.
For commercially available conventional porcelains, they exhibited the following mechanical properties 16, 17) :Vickershardnessat666-1384Hvand fracture toughness at 2.04-4.69 MPa•m 1/2 . Upon comparison with one of the commercially available conventional porcelains, Optec Porcelain (HSP), the layering porcelains showed lower hardness (-28%) andfracturetoughness(-56%).
Pertaining to low-fusing porcelains for multipurpose gold alloys 18, 19) , they offer the following range of mechanical properties: bending strength at 52.4-94.2MPa,Vickershardnessat643-717Hv,and fracture toughness at 1.02-1.35 MPa•m 1/2 . Upon comparison with layering porcelains, the latter showed comparable bending strength, lower Vickers hardness (-10%), and fracture toughness which was 1.5 times higher. As for porcelain-fused-to titanium 20) , Vickers hardness ranged between 707 and 847 Hv whilst fracture toughness ranged between 1.26 and 1.84 MPa•m 1/2 . Upon comparison with layering porcelains, the latter showed lower Vickers hardness (-24%) but fracture toughness whichwas1.1timeshigher.
Layering porcelain was originally developed to overcome the brittleness of conventional porcelains, but they also exhibited similar mechanical shortcomings such as brittleness and hardness, i.e., highcompressivestrengthandVickershardness,but low tensile and bending strengths. Nonetheless, the resistancetofractureoflayeringporcelainshasbeen significantly improved by decreasing the compressive strength and hardness, and at the same time increased the bending and tensile strengths, thus resulting in enhanced fracture toughness. The layering porcelains evaluated in this study showed almostthesamemechanicalpropertiesaslow-fusing porcelainsformultipurposegoldalloysandporcelainfused-to titanium, which have recently been applied clinically although they still demonstrate inferior mechanical properties to commercially available porcelains.
Physical properties of layering porcelains
The X-ray diffraction patterns of layering porcelains revealedthatCRDshoweddominantpeaksofleucite crystals (K2O•Al2O3•4SiO2), while the other layering porcelains barely showed any diffraction peak. However, a large amorphous background signal of high glass content was observed for all the layering porcelains. The crystal structures of layering porcelains were different from those of conventional porcelains. The firing schedules shown in Table 2 indicated that TDD (final temperature: 690°C) was classified as ultra-low-fusing porcelain, while EMD (810°C), CRD (910°C), as well as CED and VID (960°C) were classified as low-fusing porcelains. It is assumed that with a melting temperature less than 800°C and coupled with the presence of flux componentsuchasNa2OandCaO,crystalnucleation and crystal growth were discouraged. Indeed, photomicrographs of indentations and crack behaviors of TDD, TDI, and TDT shown in Fig. 8 revealed that chipping could be detected around indentations and that sharp, straight cracks propagatedtothetipwithouttheinhibitionofleucite crystals.
During cooling and contraction from 500°C to 200°C, the coefficients of thermal expansion of TDD, TDL, TDT (10.33, 9.67, 9.0×10 -6 /°C) and EMD, EMI, EMT (12.67, 10.67, 10.67×10 -6 /°C) were smaller than that of conventional porcelain (11.5-13.5×10 -6 /°C), but greater than those of Diopside (5.9×10 -6 /°C), feldspathic porcelain (7-8×10 -6 /°C), alumina (8× 10 -6 /°C), and zirconia (9-12×10 -6 /°C). On the other hand, the coefficients of thermal expansion of CED, VID, and CRD (6.33×10 -6 /°C) were comparable with thatofDiopside.Maniconeet al. 21) reportedthatthe coefficient of thermal expansion of veneering porcelain was equivalent to that of zirconia (10.8× 10 -6 /°C). In this study, TDD, TDI, TDT, EMD, and EMI were well within this range for coefficient of thermal expansion (9.3-11.1×10 -6 /°C), except for EMD.
It is well understood that in PFM crowns, porcelain and metal should have well-matched or slightly different (1×10 -6 /°C) coefficients of thermal expansion, thus allowing compressive residual stress to generate within porcelain. Against this background, it then becomes necessary to study whether it is appropriate to apply the bonding mechanismofporcelaintometaltothatbetweenthe layering porcelain and ceramic core. Furthermore, no heat hysteresis was observed for zirconia (0%), whereas -0.1% heat hysteresis was detected for layering porcelain 22) . In light of these concerns, the results of the present study should be leveraged to further evaluate the permissible range for coefficients of thermal expansion between ceramic core and layering porcelain, as well as the chemical bond afforded by the oxide film formed on the outer layer.
Clinical evaluation
Toimprovethemechanicalandphysicalpropertiesof ceramic core materials used for substructures of allceramic crowns and bridge, three reinforcing techniques were developed, namely, dispersion strengthening, glass infiltration, and densely sintered ceramics. Currently, 12 such materials and systems areclinicallyavailable 23) . On the esthetic front, esthetically superior restorations are finished with a layering technique (thesurfaceofcorematerialbeingmulti-layeredwith more translucent porcelains to reproduce the shade of natural dentition) or shading technique (surface characterization). In this study, the porcelain used for veneering ceramic core was distinguished from conventional porcelain by being termed as layering porcelain.PFMcrownshavebeenhighlyappreciated inclinicalpracticeasestheticrestorations.Similarly, multi-layered all-ceramic crowns and bridges offer suchexcellentshadereproducibilitytotheeffectthat it is difficult to distinguish between them from naturalteeth.
When comparing the probability of bridge fracture with ceramic core materials, Weibull modulus results were 60% for aluminum, 40% for lithiumdisilicate,and7%forzirconia,indicatingthat they are reasonably reliable materials 24) . Moreover, the mechanical properties of high-performance zirconia-basedceramicsaugerthemwellaspotential materialsforall-ceramicbridgerestorations [25] [26] [27] [28] [29] [30] [31] [32] .
CONCLUSIONS
In this study, the compressive, bending and diametral tensile strengths, as well as the Vickers hardness and fracture toughness of various layering porcelains (Tokuyama Dental Ceramic, IPS Empress 2, Cerabien, Vitadurα, Creation) were evaluated. In addition, thermal expansion was measured. Within the limitations of this in vitro study, the following 
